The physiological relation between blood flow and radiotracer tissue uptake has been previously described' and tested in perfused heart23 and intact animal models.4-6 For the two most widely used myocardial perfusion radiotracers -20 T1 and 99mTc-sestamibi -myocar- 
; right coronary artery, 10; left circumflex artery, 7 patients) before and during peak maximal hyperemia with intracoronary adenosine (8 to 12 gg). Intravenous pharmacological stress (adenosine, 20 patients; dipyridamole, 13 patients) 99ITc-sestamibi tomographic perfusion imaging was performed within 1 week of coronary flow-velocity studies. K statistics were calculated to measure the strength of correlation among coronary flow velocities, perfusion imaging data, and QCA results. QCA stenosis severity (abnormal, >50% diameter stenosis) and poststenotic Doppler coronary flow reserve (ratio of abnormal distal hyperemic to basal flow, .2.0) were correctly correlated in 20 of 27 patients (74%; K=.48). QCA stenosis severity and 99Tc-sestamibi imaging (abnormal if one or more reversible myocardial segments were present in the poststenotic zone) were correlated in 28 of 33 patients (85%; S everal diagnostic techniques have been developed and validated for the assessment of poststenotic myocardial perfusion and for the direct measurement of intracoronary blood flow velocity and quantitation of coronary stenosis severity. These meth-*angiography * coronary artery disease ods are clinically useful in that they can reproducibly discriminate normal vessels and mild coronary stenoses from severe coronary obstructive lesions. Quantitative coronary angiography cannot, however, evaluate the physiological impact of coronary artery stenoses on coronary blood flow. In addition, the diagnostic accuracy of tomographic perfusion imaging for the detection of coronary stenoses is diminished when a lesion severity of 250% versus >70% is considered significant. The clinical implications for the management of patients with "intermediate" coronary artery stenoses associated with this diagnostic problem are considerable.
The physiological relation between blood flow and radiotracer tissue uptake has been previously described' and tested in perfused heart23 and intact animal models.4-6 For the two most widely used myocardial perfusion radiotracers -20 T1 and 99mTc-sestamibi -myocar-dial radiotracer extraction and tissue retention decrease at hyperemic flow rates. [3] [4] [5] [6] [7] This transition from the linearly increasing flow-limited phase of tracer exchange to a barrier or diffusion-limited plateau phase at hyperemic flow rates theoretically may increase the frequency of false-negative vasodilator myocardial perfusion imaging studies.7'8 Normal hyperemic coronary flow reserve (CFR) values derived indirectly using contrast coronary angiography12"3 and positron emission myocardial tomography12"4-17 vary from 2.5-to 5.5-fold basal flow levels. As such, measurements of CFR based on myocardial perfusion tracer activity may be inaccurate in arterial beds with mild or moderate non-flow-limiting stenoses, which retain a greater hyperemic response.
Directly measured human proximal coronary artery hyperemic flows yield calculated CFR values ranging from 3.5 to 4.5.9-11 These data were obtained using relatively large (3F) Doppler catheters (20 
Hyperemic Pharmacological Stress Testing
Adenosine and dipyridamole infusion protocols for imaging studies used standard intravenous drug doses that are routinely used in our and other laboratories.33'34 All drug infusions were performed in the morning with the patient in a fasting state by experienced personnel who randomly selected the pharmacological stress agent to be used. Preinfusion heart rate, 12-lead ECG, and blood pressure measurements were obtained with the patient in the supine position and at 1-minute intervals thereafter. Adenosine was infused in 20 patients (61%) with a controlled-infusion pump system at a rate of 0.14 mg * kg-' * min'`over 6 minutes. This intravenous dose of adenosine produces sustained coronary hyperemia that is equal to that produced by the intracoronary doses used during distal coronary flow-velocity studies. 11 20 Isometric hand-grip exercise was performed with the patient in the supine position for 3 minutes after the completion of adenosine infusion.
Dipyridamole was infused in 13 patients (39%) at a rate of 0.14 mg . kg-'* min`for 4 minutes. After dipyridamole infusion, the patient assumed a sitting position and began active leg swinging for 4 minutes. 9'9Tc-sestamibi was infused 5 minutes after the initiation of adenosine infusion and 5 minutes after the completion of dipyridamole infusion. Cardiac medications were not interrupted before vasodilator drug infusion, although methylxanthine-containing medications were withheld for 48 hours before these studies. Sublingual nitroglycerin and parenteral aminophylline were available to reverse persistent side effects, as needed.
Statistical Analysis
Correlations among quantitative coronary angiography, Doppler flow velocity, and 99"Tc-sestamibi SPECT imaging data were evaluated using a K statistic (BMDP, University of California Berkeley). K< 
Results

Clinical Characteristics
The study population consisted of 33 patients (22 men and 11 women) with a mean age of 58±13 years (Table) (LAD) . Basal proximal-to-distal total velocity integral value was abnormal (1.9), whereas hyperemic distal coronary flow reserve was normal (3.1) without evidence of 99mTc-sestamibi single-photon emission computed tomography stress-induced reversible perfusion abnormalities in the LAD territory. Minimal scintigraphic attenuation of the inferior wall is noted. was 15 of 31 (48%; K=.17). Fourteen patients with an abnormal 99mTc-sestamibi SPECT study in the poststenotic myocardial perfusion zone had normal basal proximal-to-distal TVi ratios (Fig 4A) .
Of 27 patients with hyperemic distal coronary Doppler flow-velocity measurements and 99mTc-sestamibi SPECT imaging data (Fig 4B) , 24 the mean quantitative percent diameter stenosis between 11 patients with normal poststenotic 9'Tc-sestamibi SPECT imaging and 22 patients with abnormal reversible hypoperfusion in the relevant poststenotic myocardial bed (50±17% versus 59±11%; P=NS).
The categorical relation between quantitative angiographic percent diameter stenosis (ie, abnormal, 250%; normal, <50%) and dCFR is given in Fig 5A. Agreement was noted in 20 of 27 patients (74%; K=.48). Six of 13 patients with stenoses 250% had normal (>2.0) dCFR responses. When correlated with poststenotic hyperemic 9'Tc-sestamibi SPECT data, quantitative angiographic percent diameter stenosis agreed with the poststenotic imaging findings studies in 28 of 33 patients (85%; K=.63). Only 4 of 25 patients with stenoses .50% demonstrated normal 9'Tc-sestamibi SPECT perfusion in poststenotic myocardial segments (Fig SB) .
Hyperemic dCFR and Angiographic Correlations
Nonlinear correlations between dCFR and percent cross-sectional area stenosis (R=.33) and stenosis length (R=.01) were not significant. A trend toward statistical significance was found between dCFR and percent diameter stenosis in diseased arteries (R=.36, P=.07). When data from 13 patients with normal coronary artery flow data were included (Fig 6) , the relation between dCFR and percent diameter stenosis achieved significance (R=.57; P<.001). A similar significant correlation existed between dCFR and percent cross-sectional area stenosis (R=.57; P<.001).
Proximal-to-Distal TVi and Angiographic Correlations
Despite the lack of correlation between basal TVi ratio and angiographic percent diameter stenosis by categorical (K) analysis, significant (P<.05) linear correlations existed between proximal-to-distal TVi data and percent diameter stenosis (R=. 38 12 Angiographic CFR has been shown to correlate linearly with hyperemic positron emission tomography-derived relative myocardial perfusion reserve. 1235 Angiographic CFR has been studied as a physiological measure of stenosis severity that integrates stenosis geometry with assumptions of coronary blood flow and fluid dynamic principles. 44 Although not addressed in this study, significant correlations have been demonstrated between angiographic CFR and the transstenotic pressure gradient, minimal cross-sectional area, and percent stenosis.37'41 The hyperemic transstenotic pressure gradient has been shown to be highly (>90%) predictive of exercise`1Tl imaging results in patients with quantitative diameter stenoses of 6% to 75%, corresponding to angiographic CFR values of 5.5 to 0.4.37 In the present study of patients with stenoses of intermediate severity, the percent cross-sectional area stenosis also correlated with the number of 99uTc-sestamibi myocardial poststenotic defects, a value that is also dependent on the location of the stenosis along the artery and the possible overlap of defects from adjacent diseased arterial beds. ing that semiquantitative image analysis, which is frequently performed in clinical practice, may be of value in this setting. Also, a low intraobserver variability (3% in this study) and high qualitative-quantitative concordance have been reported for 9'9Tc-sestamibi tomography. 32 The application of newly developed quantitative positron emission tomography and "9Tc-sestamibi image analysis techniques theoretically should improve the precision of perfusion defect measurements. Although half of the patients in this and a similar study'2 had one-vessel coronary artery disease, the presence of "balanced" proximal stenoses in all three coronary arteries can reduce the flow heterogeneity response on which hyperemic stress myocardial defect detection is predicated. Routinely performed 60-minute poststress 9'Tc-sestamibi SPECT, as used in this study, does not usually detect increased lung tracer uptake or transient cardiac dilation (noted in only 2 of 33, of 6% of patients), each of which is reflective of multivessel coronary artery disease. Technical limitations prevented the simultaneous measurement of CFR in all epicardial arteries. Clinical Implications
These data confirm the results of previous studiesll3,37 that indicate that angiographic assessments of stenosis severity are correlated with measurements of poststenotic myocardial perfusion. In a population of patients with angiographically "intermediate" coronary artery stenoses, distal intracoronary flow reserve and myocardial perfusion reserve were strongly correlated functional indicators of stenosis severity. However, the importance of functional assessments of CFR and poststenotic myocardial perfusion do not vitiate the significant clinical utility of quantitative angiography for defining the number and location of coronary lesions, which may then be targeted for angiographically directed intravascular diagnostic measurements and the performance of coronary revascularization, where appropriate.
Optimization of a diagnostic approach for determining the physiological significance of intermediate-severity coronary stenoses requires a maximal vasodilatory stimulus for increasing coronary flow and the capacity to either measure poststenotic flow directly or use a myocardial perfusion radiotracer that distributes in proportion to hyperemic perfusion. 43 In this study, two technically distinct but physiologically related functional measures of poststenotic coronary flow enhancement-Doppler-derived dCFR and 'mTc-sestamibi myocardial perfusion heterogeneity-have fulfilled these criteria and appear to have improved coronary physiological assessment beyond quantitative angiography for the complex problem of intermediate-severity stenosis.
These data provide preliminary evidence that in patients with angiographic stenoses of intermediate severity, the measurement of poststenotic hyperemic CFR at the time of coronary angiography and the separate, noninvasive assessment of comparable pharmacological stress-induced myocardial hypoperfusion by 9'9Tc-sestamibi tomography are largely equivalent.
The independent power of either technique is augmented when both techniques confirm (or refute) the physiological significance of such an angiographic coronary stenosis. This dual physiological assessment would be most valuable in planning for coronary revascularization and might also be used to enhance the recognized prognostic value of myocardial perfusion imaging alone. However, practical issues of technique availability, laboratory time, personnel experience, and study cost must be considered before the implementation of this clinical approach at individual medical centers.
At our hospital, a midwestern university-affiliated tertiary referral medical center, the total institutional technical and professional charges for coronary angiography with Doppler flow-velocity analysis and stress myocardial perfusion tomography are equivalent ($2190 versus $2189). In the current milieu of health care cost containment, the availability of two cost-equivalent and highly correlated physiological markers of coronary stenosis severity could obviate the reduplication of diagnostic studies in this population.
